Ten patients affected by congenital deficiency of intestinal sucrase and isomaltase activities were studied. The intraluminal a-amylolysis of amylopectin was found to be normal in these patients. It is incomplete during the 1st year of life, both in patients and in controls, as a consequence of the lower a-amylase activity in this age group.
Introduction
Starch digestion results from the combined action of enzymes in the intestinal lumen and of enzymes of the brush border surface of the intestinal epithelial cell. In the intestinal lumen, salivary and pancreatic amylases split starch into a mixture of maltose, maltotriose, and branched dextrins [4, 8] (a-amylase limit products). At the brush border surface of the enterocyte, the fol-
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Starch digestion in sucrase-isomaltase deficiency 833 lowing compounds are hydrolyzed into glucose by the heat-resistant maltase(s) and by the sucrase-isomaltase complex [12, 31] : (/) the a-amylase limit products of starch digestion [21, 22, 28, 31] ; (2) the intermediary products of the a-amylolysis of starch, such as maltotetraose and higher linear and branched oligosaccharides [1, 29] ; and (3) starch and glycogen [1, 6, 13, 14, 30, 32] (Table I) .
It is well known that on ingestion of starch patients with congenital deficiency of intestinal sucrase and isomaltase activities get fermentative diarrhea of a considerably milder degree than upon ingestion of sucrose [7, 9, 27, 33] . Actually, the intestinal mucosa of these patients was found to be deficient not only in sucrase and isomaltase [2, 10] , but also in maltase [10] , maltotriase [22] , and glucamylase [15] activities. This paper describes in vivo and in vitro studies on digestion of starch in children with congenital deficiency of sucrase and isomaltase activities and in normal controls. The intraluminal a-amylolytic digestion of starch was studied by analyzing the carbohydrates which accumulate in the proximal jejunum after a test meal containing amylopectin. Some aspects of mucosal starch digestion were also investigated by performing maltotriose tolerance tests and by assaying the glucamylase activity in bioptic specimens of intestinal mucosa.
Material and Methods
Ten patients affected by congenital deficiency of intestinal sucrase and isomaltase activities [27] were investigated. At the time of the first investigation, patients 1 and 4, ages 4 and 6 months, respectively, were kept on a starch-and sucrose-free diet; the only sugars fed to them were glucose and lactose. The remaining patients were also kept on a sucrose-free diet, but they received a small amount of starch. The control group was fed a diet containing sucrose and starch. In every case informed consent for the intubation was obtained from the parents.
Intubation studies using a single-lumen tube were carried out in five patients and in three controls after oral administration of a test meal containing amylopectin [37] , casein [38] , and oil. Details on the composition of the test meal were previously given [8] . The intestinal juice was continuously collected from the proximal 20-cm segment of jejunum for 1-to 3-hr periods [8] . Collection was made directly into a vessel which was maintained in a freezing solution of Dry Ice and acetone. At the end of collection, the juice was rapidly homogenized at +4°. Assay of pancreatic enzymes, measurement of the average degree of polymerization (DP) of total carbohydrates, and fractionation of the carbohydrates on Sephadex G-50 [39] and on a charcoal-celite column [40, 41] were carried out according to methods previously described [8] . The only modifications concern the chromatography on charcoal: following deactivation with HC1, charcoal was treated with a 2.5% solution of stearic acid in absolute ethanol; furthermore, elution of the sugars in the 1 to 4 DP range was achieved by a water to 10% tertiary butanol gradient [18] ; the column was subsequently washed with 20 % tertiary butanol in water, in order to elute the remaining dextrins. These modifications improved recovery of branched dextrins from the column.
Oral tolerance tests were done in two patients and in two controls with 50 g/m 2 of amylopectin [37] , maltose [38] , and maltotriose given as 15% watery solution. Glucose was determined in capillary blood by the glucose-oxidase method [20] before and 10-180 min after ingestion of the test solution. Stools were collected during the 24-hr period preceding and the 72-hr period following oral administration of the test substance: in each stool sample, pH [9] , lactic acid [33] , glucose, and starch [5] were determined. Carbohydrates in stool were separated and detected by thin layer chromatography [34] after treatment of feces with acetone [17] . Maltotriose was prepared in our laboratory according to the procedure described in the appendix to this paper.
The disaccharidase activities were assayed according to Auricchio et al. [11] . The enzymatic activity hydrolyzing soluble starch directly into glucose (i.e., glucamyl-ase activity) was assayed: (i) as "total glucamylase," after tryptic inactivation of the a-amylase; and (2) as "heat-resistant glucamylase" after heat inactivation of the a-amylase and of the sucrase-isomaltase complex [3, 6, 30] .
For tryptic inactivation, a 2%, w/v, homogenate in distilled water was added, volume by volume, to 0.2 M sodium maleate buffer, pH 5.8, containing ethylenediaminetetraacetate (EDTA, 4 ^moles/ml) and twice crystallized trypsin [42] (1 mg/ml); the mixture was incubated at 37° for 30 min. For heat inactivation, the 2 % homogenate was diluted with the same volume of 0.01 M sodium phosphate buffer, pH 6.9, containing 0.01 M EDTA and was heated at 56° for 30 min. After tryptic digestion or heat inactivation, glucamylase activity was determined as follows: 20 jj enzyme solution (0.02-0.1 unit enzyme activity per ml 0.1 M sodium maleate buffer, pH 5.8) were added to 20 /A 2% soluble starch solution [43] in distilled water and were incubated at 37° for 0 min, 30 min, and 60 min. The reaction was stopped by heating in a boiling water bath for 2 min; then 280 jj water and 40 M l of both 10% ZnSO 4 -7 H 2 O .and 0.6 N NaOH were added to the test tubes. After centrifugation, glucose was measured in the supernatant with the Tris-glucose-oxidase reagent [11] . One unit of glucamylase activity produces 1 yumole glucose/min.
Proteins were determined according to the method of Eggstein and Kreutz [16] using lyophilized albumin (bovine) [44] as standard.
Results

Intubation Studies
The levels of amylase, lipase, and trypsin in the intestinal juice of patients with congenital deficiency of sucrase and isomaltase activities were in the same range as controls (Table II) . Furthermore, the intestinal content of glucose, oligosaccharides, and dextrins of three patients and one control, all older than 1 year, was not significantly different. The average degree of polymerization (DP) of total carbohydrates was 2.15 in the control and ranged between 2.42 and 2.53 in the patients. Dextrins with DP larger than 7 were 8 % of total carbohydrates in the control and ranged between 11 and 15% in the patients. Most carbohydrates had DP smaller than 7; these were branched dextrins with DP between 5.11 and 5.85, as well as maltotriose, maltose, and glucose. No maltotetraose was found in this age group (Table III) .
Two patients and two controls, ages from 6 to 13 months, displayed quite low levels of a-amylase activity in intestinal juice (Table IV) . In these subjects, the aamylolysis of amylopectin was less extensive, at least in the proximal part of jejunum. Indeed, dextrins with DP larger than 7 were present in larger amounts as compared to older subjects (24 and 26 % of total carbohydrates in the controls and 27 and 40.4% in the patients) and the content of small branched dextrins was lower. Furthermore, maltotetraose was detected in one patient and in one control (Table IV) .
Oral Tolerance Test.
Maltotriose tolerance tests were performed in two controls (3 and 32 months old) and in two patients (6 and 31 months old). In the controls and in the 31-monthold patient the administration of maltotriose was followed by an increase of blood glucose to 46-58 mg/100 ml during the 1st hr. Similar results were obtained after In the 6-month-old patient, on the contrary, maltotriose ingestion was followed by an increase of blood glucose to only 24 mg/100 ml (Fig. 2) ; liquid stools were passed showing a low pH (4.6), a high concentration of lactic acid, but no maltotriose or maltose. In contrast, maltose and amylopectin were well tolerated also in this patient, producing an increase of blood glucose to 41 and 32 mg/100 ml, respectively, and no symptom of fermentative diarrhea.
Glucamylase Activity
The glucamylase and the maltase activities of the heat-resistant maltase(s) were normal in the intestinal mucosa of patients. On the contrary, the heat-labile fraction of the total glucamylase activity, which is probably due to the sucrase-isomaltase complex, was clearly lower in patients than in controls (P < 0.001).
As a consequence, a larger fraction of total glucamylase activity is resistant to heating in patients as compared to controls: in patients, the heat-resistant glucamylase activity ranges from 74 to 97.2% of total activity; in controls, it ranges from 45.3 to 62.5% (P < 0.001) (Table V). Nevertheless, decrease of total glucamylase activity in patients was not evident. This is probably due to the large scatter of the values and to the large contribution of the heat-resistant maltase(s) to total glucamylase activity. 1 All samples were obtained from the last portion of duodenum (D) or from the first part of jejunum, about 10 cm from the ligament ofTreitz (J).
Discussion
proximal jejunum, without any significant difference between patients and controls. All the above carbohyInlraluminal Hydrolysis of Starch drates are nQt further hydrolyzed ,-" viw by the a . amy i ase When amylopectin is given to subjects older than 1 [19, [23] [24] [25] 35] . year, maltose, maltotriose, and branched dextrins (with When amylopectin is given to subjects younger than DP smaller and larger than 7) are found in the lumen of 1 year, the intraluminal digestion of the polysaccharide is incomplete. Indeed, one finds that the intestinal juice contains large amounts of high molecular weight branched dextrins, in some cases together with small amounts of maltotetraose. This accumulation appears to be a consequence of the lower levels of a-amylase activity in this age group. Similar results were obtained in normal children and infants in a previous study [8] with the difference, however, that a higher concentration of branched dextrins is found in the present series of subjects; this difference probably derives from the modification of the charcoal chromatography technique introduced in this study. The intubation studies thus show that the intraluminal a-amylolysis of amylopectin is normal in patients with congenital deficiency of sucrase and isomaltase activity.
Mucosal Hydrolysis of Starch
It was known that patients with sucrose and isomaltose intolerance are deficient in some of the glucosidase activities of the enterocyte brush border which are involved in starch digestion. These deficient activities are the maltase, the isomaltase, and the maltotriase activities of the sucrase-isomaltase complex [2, 10, 22] .
It has now been found that peroral administration of maltotriose causes fermentative diarrhea in a 6-month-old patient. This finding suggests that maltotriose intolerance is one of the factors involved in starch malabsorption in patients with sucrose and isomaltose intolerance.
A further finding in this paper is that the glucamylase activity of the sucrase-isomaltase complex is severely reduced in these patients. However, glucamylase as well as maltase activities [10] of the heat-resistant maltase(s) were found to be normal in the same patients. Thus, the claim that all intestinal maltases are affected in these patients, which is based on the finding of low levels of glucamylase activity in intestinal biopsies using glycogen as substrate [15] , is not supported by present findings.
Conclusion
Based on previous discussion, we conclude that starch malabsorption in congenital sucrose and isomaltose intolerance is a consequence of deficient enzymatic activities of the sucrase-isomaltase complex, which are involved in starch digestion, that is, the maltase, oligo-1,4-and oligo-1,6-glucosidase as well as the glucamylase activities. This enzymatic defect impairs the mucosal ability to digest the end products of the a-amylolysis of starch such as maltose, maltotriose, and low and high moiecular weight branched dextrins.
In patients during the first few months of life the situation is made worse by the physiologically incomplete intraluminal hydrolysis of the polysaccharide. Indeed, during this age period it is the intestinal mucosa which is responsible not only for digestion of the final products of the intraluminal a-amylolysis of starch (a-amylase limit products) but also for providing the alternative glucamylolytic pathway for digestion of the intermediary products of the same a-amylolysis.
Summary
Analysis of the carbohydrates in the intestinal juice after a test meal containing amylopectin was carried out in five patients with sucrose and isomaltose intolerance and in three normal control subjects. The results indicate that the intraluminal a-amylolysis of starch in the proximal jejunum is normal in these patients. After the first year of life, the intestinal juice contains glucose, maltose, maltotriose, and low and high molecular weight branched dextrins. On the contrary, intraluminal digestion of the polysaccharide is incomplete both in patients and in control subjects younger than 12 months of age as a consequence of the physiologically low level of a-amylase activity. The maltotriose oral tolerance test was normal in a 31-month-old patient, whereas it caused fermentative diarrhea and only a small increase of blood glucose in a 6-month-old patient. The glucamylase activity of the heat-resistant maltase(s) is normal, whereas that of the sucrase-isomaltase complex is reduced. These results demonstrate that starch malabsorption in congenital sucrose and isomaltose intolerance results from deficiency of some of the glucosidase activities of the brush border involved in starch digestion.
drolysate were filtered with moderate suction, in about 1 hr, in order to make the oligosaccharides absorb on the charcoal (dimensions of absorbent were 24.5 X 4 cm). Five liters water were subsequently allowed to flow through, in order to remove salts, glucose, and part of the maltose. A water to 15% ethanol gradient was then applied: the reservoir of ethanol and a 6-liter mixing chamber containing 3 liters water were placed 60 and 20 cm above the Biichner funnel, respectively. The flow rate was approximately 2 liters/hr. Fractions of about 1 liter each were collected under reduced pressure; when maltotriose appeared in the eluate, the gradient was stopped and the maltotriose was eluted with approximately 10 liters ethanol solution from the mixing chamber.
Fractions containing maltotriose were mixed together and filtered on 47-mm diameter filters [46] (pore size 0.8 JX', pressure 100 psi) in order to eliminate charcoal and celite particles. The sugar was obtained from the filtrate according to Pazur [26] . Maltotriose, 7.3 g, with an impurity of 9 % of maltose and trace amounts of maltotetraose were obtained from 100 g amylose.
